The primary pressure standards in the atmospheric pressure range at the National Institute of Standards and Technology (NIST) and at the National Physical Laboratory-India (NPL-I) are presently established using mercury manometers [1] [2] [3] [4] . However, recent developments in the fabrication of large-diameter highquality pistons/cylinder assemblies and in dimensional metrology has allowed the pressure measurement community to contemplate primary pressure standards that are based on pistons and cylinders whose uncertainties could approach the best manometers.
Primary pressure standards in the atmospheric pressure range are often established using mercury manometers. Less frequently, controlled-clearance deadweight testers in which one component (normally the piston) has been dimensionally measured have also been used. Recent advances in technology on two fronts i) the fabrication of large-diameter pistons and cylinders with good geometry; and ii) the ability to measure the dimensions of these components, have allowed some dead-weight testers at NIST to approach total relative uncertainties (k = 2) in dimensionally-derived effective areas near 5 × 10 -6 . This paper describes a single piston/cylinder assembly (NIST-PG201WC/WC) that serves as both a primary gage in which both piston and cylinder are measured dimensionally and a controlled-clearance primary gage (employing the Heydemann-Welch method). Thus it allows some previous assumptions about the modeling of deadweight testers to be checked. For the gage described in this paper the piston/cylinder clearance obtained from the two analyses have relative differences of 4 × 10 -6 to 7 × 10 -6 over the pressure range 35 kPa to 175 kPa. Some implications of these results will be discussed. From the dimensional characterizations and auxiliary measurements we have determined that the effective area for this gauge at 20°C is:
where P is the system pressure and P J is a control pressure. The estimated relative uncertainty in effective area is 8.2 × 10 -6 +1.4 × 10 -11 P/Pa (k = 2). The temperature coefficient for the area was measured and found to be (9.06 ± 0.04) × 10 cylinder (typically more difficult), allows a more direct determination of the effective areas of these gages. In favorable cases this uncertainty could lead to pressures with relative standard uncertainty u(P)/P as low as (2 to 2½) × 10 -6
. These same artifacts are also designed so that the controlled-clearance method, invented by Johnson and Newhall [5] and described by Heydemann and Welch [6] can be used to obtain an independent determination of the clearance between the piston and cylinder, h/R. Here h is the clearance width and R is the radius of the gage.
We find that the two determinations (direct dimensional vs controlled clearance) of h/R, differ from each other in relative effective area by about 4.6 × 10 . One possibility for the difference between the two characterizations at high pressure is that the H-W characterization may not give the best results in cases in which one of the components is not perfectly round.
In the next sections we give a brief description of the apparatus and follow that with details of both characterizations. One characterization uses a dimensional measurement with an estimate of the pressure coefficient based on elasticity theory to obtain the effective area. The other uses a dimensional measurement of either the piston or the cylinder together with the H-W method to obtain the effective area.
Apparatus
For the present measurements we used a dead-weight tester with a large (50 mm diameter) piston/cylinder assembly made by DHI 1 . Both piston and cylinder were made of tungsten-carbide. Nominal values for Young's modulus, E, and Poisson's ratio, ν, were used to calculate the pressure coefficient [7] . Speed-of-sound measurements are planned in order to obtain lower uncertainties for E and ν, but because the intended pressure range is not large for the present apparatus, nominal values are adequate for estimating the pressure coefficient of the gage.
The assembly uses a floating cylinder design rather than the more usual floating piston design. (See Fig. 1 .) An important feature of this design for the present measurements is that the diameter of the piston, or stationary element, can be controlled with the application of an independent control pressure. Thus the controlled-clearance method can be employed to determine the clearance between piston and cylinder [5] [6] and independently to compare the clearance with direct dimensional measurements. At present a partial set of dimensional measurements on the piston/cylinder assembly is available from NIST. Other complementary measurements were made by NPL-I.
Other apparatus was used for two auxiliary measurements; a) the measurement of the thermal expansion coefficient, and b) a capacitance based measurement of the piston/cylinder. A temperature controlled environmental chamber (oven/cooler) was constructed for the 50 mm piston/cylinder (P/C) assembly and base, and was used in the measurement of the thermal expansion coefficient of the P/C assembly. A reference P/C assembly was used to monitor the pressure generated by the 50 mm P/C assembly in the chamber. The chamber was capable of ± 0.005 K stability (k = 1). The temperature of the chamber could be controlled between 0°C and 50°C and could be measured with a calibrated thermometer to better than ± 0.01 K (k = 1). With the P/C assembly inside, however, the chamber was operated only between 15°C and 35°C in order to avoid possible damage to the P/C assembly. In general, a wider temperature span yields a more accurate expansion coefficient. The thermal expansion coefficient for the piston/cylinder assembly's area was found to be α = (9.06 ± 0.04) × 10 -6 /K (k = 1). A capacitance gauge with ± 0.1 nF resolution was used to measure the capacitance between the piston and cylinder. One electrode was attached to the base of the assembly at ground potential. The other electrode was connected to the cylinder through a small cup that contained a tiny amount of mercury in order to minimize extraneous non-axial forces on the cylinder assembly. Minimal efforts were made to shield extraneous signals from the capacitance gauge. Values for the capacitance ranged between 100 nFd and 160 nFd.
Characterization from Dimensional Measurements
The Precision Engineering Division at NIST measured the dimensions of the piston and cylinder. Diameters were measured along two directrices (two longitudes, 0° to 180° and 90° to 270°) for both pieces. For the piston, a full set of roundness and straightness data was obtained [9a], and diameters were obtained at three places in both vertical planes. For the cylinder, diameters were obtained at 10 places along the two vertical planes [9b]. Diameters were measured at 20°C.
The diameters were averaged for both piston and cylinder, and this yielded values for the areas of each component at 20°C. Here D p and D c are the average diameters of the piston and cylinder, respectively. The zero pressure effective area of the assembly derived from these measurements and adjusted to a reference temperature of 23°C is:
The uncertainty listed represents a combined relative uncertainty of 2.3 × 10 -6 (k = 1). The measurements from NPL-I produced an effective area of (1961.155 ± 0.039) mm 2 (k = 1) [8] ; or a difference of about 0.035 mm 2 , which is within the combined uncertainty of the two measurements.
To obtain the effective area for the gage at higher pressures it is sufficient to obtain the pressure coefficients from nominal values of Young's modulus and Poisson's ratio. In this case the pressure coefficients for both piston and cylinder were derived from elasticity theory using the thick-wall formula [7] .
The area of the piston given as a function of the two variables, generated pressure, P, and jacket pressure, P J , is:
Here, b p is the pressure coefficient for the piston and it indicates the influence on the piston's area by the generated pressure, P. Notice, that the formula for the area of the piston contains an additional pressure coefficient, b J , because of the unique design in which the piston's area can be controlled with an auxiliary control pressure P J . [Normally the subscript "J" would refer to a "jacket" or "external" pressure. With the present design the control pressure is placed on the inside of the piston rather than the outside of the cylinder. We prefer to continue to use the subscript "J" instead of "cc" to avoid confusion with the cylinder's pressure coefficient, which we will denote as b c . (See below.)]
The area of the cylinder as a function of generated pressure is:
The effective area for the gauge at T = 23°C is given by: 
(1 3.75 10 / Pa 3.05 10 / Pa).
The effective area from Eq. (5) is plotted in Fig. 2 as the solid line. The separate dimensionally measured areas of the piston and cylinder are shown as the dashed lines (Eqs. (3) and (4), respectively).
For the cylinder a complete-set of roundness/ straightness data were not available from NIST. But the diameters were measured at enough places to suggest an out of roundness condition for the cylinder of about 900 nm. These diameters provided motivation to obtain roundness and straightness data elsewhere and a set was subsequently obtained from NPL-I. The NPL-I data suggested that both piston and cylinder had peak to valley roundness deviations of at most + 100 nm with a combined standard uncertainty of ± 100 nm [8] . However, subsequent dimensional measurements (a repetition of diameters) at NIST seemed to confirm again the presence of the out-of-roundness condition.
Clearance Between Piston and Cylinder

Via Heydemann-Welch Method
The Heydemann-Welch method [5, 6] can be used to estimate the clearance betwee the piston and cylinder, h:
where h is the estimated clearance, R is the radius of the gage, d and P Z are parameters obtained in accordance with Ref. [6] and summarized below and P J is the control pressure as indicated before. The value for h/R or "-d(P Z -P J )" is then used in the formulas either to add the clearance to the piston's area or subtract the clearance from the cylinder's area to obtain the effective area of the gauge. (7) (8)
In brief, P Z is obtained from fall-rate measurements and represents the control pressure at which the crevice between the piston and cylinder would close. The fall-rate measurements plotted in Fig. 3 are listed in Table 1 . Straight lines were fitted to each of the five load lines and extrapolated to the expected zero fallrate intercept. Those intercepts are plotted in Fig. 4 . The average value of the intercepts, P Z , (plotted in Fig.  4 ) and their standard deviation were found to be:
The zero-fall rate intercepts indicate the presence of a possible pressure dependence for P z (P). Fitting the intercepts to a straight line gives: (10) and is represented by the solid line in Fig. 4 . The slope can also be estimated from elasticity theory and is ( , ) ( 
The uncertainties in slope were estimated from our knowledge of the material properties of the tungsten carbide and the geometry of the pieces involved using conventional formulae for stresses in cylinders. Since the two values for P Z appear to differ, we choose to take a conservative approach and represent P Z by the average of Eqs. (10) and (11) and to represent the uncertainty with a square distribution:
The H-W parameter "d,"defined as d = (-1/A) dA/dP J , can be measured using a separate sufficiently sensitive pressure gauge.The data are listed in Table 2 and yield a measured average value: The value estimated from elasticity theory is:
The uncertainty in d el was again estimated from our knowledge of the material properties of the tungsten carbide and the geometry of the pieces involved using conventional formulae for stresses in cylinders. We choose to represent "d " by the average of Eqs. (13) and (14) and to represent the uncertainty with a square distribution:
The effective areas from Eqs. (7) and (8) are then:
and (17) The effective areas are plotted as the dotted lines in Fig. 2 . This difference could be a result of the inadequacy of the H-W model to accurately describe non-ideal (non-circular) geometries.
We reemphasize before proceeding to the next section that the H-W method for determining the area of a controlled-clearance gauge is, in effect, a method for estimating the clearance between the piston and cylinder. In the next section we will present results from two other methods for determining the clearance.
Auxiliary Clearance Measurements
The clearance, h, between the piston and cylinder can be determined using a variety of techniques and, although they do not provide direct help in reducing the uncertainty of the effective area, these measurements can provide consistency checks on the dimensional measurements and inferences based on these measurements. We have already mentioned two techniques: 1) Direct dimensional measurements and 2) fall-rate data coupled with "d " measurements interpreted with the H-W formulation and dimensional measurements.
1) The dimensional measurements lead to:
where h Dim (P,P J ) is the clearance as a function of P and P J . The average diameters D c and D p were determined from direct dimensional measurements at ambient pressure and b c , b p , b J are pressure coefficients obtained from elasticity theory.
2) The fall-rate measurements interpreted with the aid of the H-W formulation give:
where h HW (P,P J ) is the clearance based on the H-W model with parameters "d " and P Z . R is the radius of the gauge. h Dim (P,P J )/R and h HW (P,P J )/R are plotted in Fig. 5 as the solid and dotted lines respectively for the case P J = 0.
3) Fall-Rate measurements, interpreted with the Poiseuille flow equation for a uniform crevice [10, 11] , were also used to obtain the clearance: 05 m) is the engagement length, P 0 and P 1 are the absolute pressures at the bottom and top of the crevice respectively and dz/dt is the fall rate which depends on P and P J . This method has been used by Molinar and Vatasso [12] , by Dolinskii et al. [13] and by Meyers and Jessup [14] . The clearances obtained from Eq. (20) were fitted with an equation, linear in pressure, and this equation is plotted for the case P J = 0 in Fig. 5 as the dashed line. This plot is based on the same fall-rate measurements used to determine h HW /R. Thus a comparison of h Pois /R with h HW /R is a comparison of the two models' estimates for the same quantity, based in part on the same fall-rate data. The two models differ relatively by about 5 × 10 -6 as shown in Fig. 5 . 4) Lastly, clearances were determined using capacitance measurements [15] : (21) Here ε 0 is the permittivity of the vacuum, K is the dielectric coefficient of the pressure fluid (nitrogen), and C(P,P J ) is the measured capacitance, which changes depending on the pressure and jacket pressure. For the interpretation of the capacitance measurements an ideal geometry was assumed, as was the case for the interpretations of the fall-rate measurements using the Poiseuille flow model. The capacitance measurements appeared to be much more stable and linear when compared with the fall-rate measurements, which can vary significantly with ambient temperature changes. The clearances obtained from the capacitance measurements and Eq. (21) were also fitted by an equation linear in pressure. The residual variance from the fit was less than 2 nm as compared with the 10 nm residual variance for the fall-rate measurements. h cap /R is plotted in Fig. 5 as the dashed line for the case P J = 0.
Note that the differences between the various measurements are considerable, in some cases more than twice the standard uncertainties. No single method gives the "true" measurement for the clearance needed to define the effective area. Each method measures its own average or "moment" of the distribution of clearances, h (φ , z). For an ideal case in which the clearance was absolutely uniform [h(φ,z) = H], then the different measurements would be expected to yield the same result. ( , ) [ ( ) ) ,
Discussion
We have characterized the 50 mm gage two ways: i) by using direct dimensions of piston and cylinder and ii) by using dimensions of the cylinder and the Heydemann-Welch method to determine the clearance. Although the disagreement (7 × 10 -6 at 170 kPa) between the effective areas for the two methods was within twice their combined standard uncertainties this was larger than we had hoped it would be [2 × 10 -6 (k = 1)].
We believe that a possible explanation for the disagreement is that although the piston is very round, the cylinder is not as round as it could be. Because of this asymmetry the clearance between the piston and cylinder is not uniform and any interpretation of results based on flow through the crevice, which is the case with the H-W method, might be affected. We have modeled the flow of gas through a distorted cylinder and have found that the H-W method tends to substantially overestimate the clearance in cases in which the crevice does not have azimuthal symmetry.
It appears likely that the initial fabrication of the bare tungsten-carbide cylinder produced a round entity. However, the subsequent attachment of a separate cap to the tungsten carbide cylinder, which is necessary to allow it to function as a dead-weight tester, may have caused the distortion. The cylinder, comprised of two pieces (a titanium cap and a tungsten-carbide cylinder), appears to have roundness deviations of ± 300 nm as indicated by dimensional measurements performed at NIST. Additional roundness measurements were performed by NPL-India. Those measurements indicated that both the piston and cylinder were round ± 100 nm. We do not know the source of this disagreement.
A list of uncertainties for the effective areas for both characterizations is given in Table 3 . Four of these contributions are common to both characterizations. These are the uncertainty of the area of the cylinder, u(A 0c ), the uncertainty of the thermal expansion coefficient, u(α), the uncertainty of the temperature, u(T) and the uncertainty of the cylinder's pressure coefficient, u(b c ). These are shown only once in Table 3 in order to avoid double counting of correlated uncertainties in the combined result. The thermal expansion coefficient was measured in our laboratory with a controlled environmental chamber and was found to be α = (9.06 ± 0.04) × 10 -6 /K. The uncertainty analysis of the dimensional results for the characterization yields a relative uncertainty of about 2.3 × 10 -6 at 23°C (k = 1). This seems slightly optimistic in view of results of the H-W analysis, which yields a result that differs by more than the combined standard uncertainty of the two methods. The uncertainty analysis of the H-W characterization of the clearance yields a relative uncertainty of about 3.8 × 10 -6 , (k = 1). In order to facilitate comparisons with other gages we will use the dimensional measurement results for the effective area but increase the uncertainty to include the discrepancy between the two In Eq. (22) the uncertainty from the dimensional measurement is root sum squared with the difference between the clearance determined from the Heydemann-Welch method and the clearance determined from dimensional measurements, (h HW -h Dim )/R, to allow for the fact that the two results did not overlap at the k = 1 level.
Lastly, some researchers have suggested the presence of a "gas species" or "crevice" effect that may be present in piston gauges because of viscosity differences as the gas flows through the annular region between the piston and cylinder [16] . We have attempted estimates of the magnitude of this effect, which may or may not have an effect on the area [17] . If present in this gauge the relative effect could be as high as 2.5 × 10 -6 in gauge mode. Rather than systematically shift the area to account for this effect, we have chosen to increase the uncertainty by a small amount using a square distribution to cover it. The total uncertainty becomes:
(23)
Summary
We have investigated the performance of a controlled-clearance primary dead-weight tester designed for operation over a pressure range 35 kPa to 175 kPa. The gauge has a nominal diameter of 50 mm, which is large enough to facilitate good dimensional measurements not only of the piston but also the cylinder, which would normally go unmeasured. From the dimensional measurements and estimates of the pressure coefficients, a value is found for the effective area at 23°C:
The piston/cylinder clearance was also characterized using the Heydemann-Welch method, which has , (1σ). Allowing for the possibility of a 2.5 × 10 -6 "gas species" or "crevice" effect [17] increases the total relative uncertainty to 4.1 × 10 -6 + 6.8 × 10 -12 P/Pa. Auxiliary estimates of the clearance between the piston and cylinder were made using capacitance measurements. These were compared with estimates based on fall-rates and other estimates based on direct dimensional measurement. There is a variation δh/R between these estimates of about 10 × 10 -6
. We believe that a significant contribution toward the variation of estimates for the clearance, and also of the estimates for the effective area is a result of the non-circularity of the cylinder. As of this writing the cap associated with the cylinder has been refitted. Preliminary analyses of new dimensional measurements are being performed at this time.
